Abstract-In the next-generation mobile communication system, the higher frequency bands from C-band to V-band are expected to be utilized because it has the potential to improve network capacity drastically by the available wideband spectrum. Since the characteristics of reflected and scattered radio waves from surrounding environments in those bands are thought to be quite different than at lower frequencies, the clarification of its influence on the multiple-input multiple-output (MIMO) transmission performance is a critical issue. In this paper, we focused on the characteristics of diffuse scattering in X-band, and conducted the MIMO channel measurements in indoor environments in the 11-GHz band. The frequency, angular, and polarization domain dense multipath component (DMC) propagation parameters were jointly estimated by using the RiMAX-based estimator. The measurement result showed the existence of significant DMC, which is thought to have originated from the floor, the ceiling as well as the walls. The angular spreads of the DMC tended to increase, and their decay factor tended to decrease as the room size decreased. It is also shown that the existence of DMC significantly affected the eigenvalue structure of the MIMO channel, which defines the MIMO transmission performance. The result is expected to be utilized for novel MIMO channel modeling in X-band that includes the DMC contribution.
technologies are expected to be employed in those frequency bands for achieving higher order beamforming and spatial multiplexing data transmission.
The higher frequency bands have not been used for the mobile communication. Especially in indoor environments, it is thought that radio waves will be scattered from various objects in the environment. Diffuse scattering is thought to consist mainly of the irregular scattering from rough surfaces of objects [3] . Although it might be expected that diffuse scattering arising from rough surfaces would be more prominent in X-band compared with the ultrahigh frequency band due to X-band's shorter wavelength, additional attenuation may also reduce the effect. It is known that diffuse scattering affects the MIMO transmission performance significantly in some communication scenarios [4] [5] [6] . However, the contribution of diffuse scattering is not considered in de facto standard channel models such as the 3GPP Spatial Channel Model (SCM) [7] , ITU-R M.2135 channel model [8] , and WINNER II channel model [9] . Therefore, the clarification of the influence of diffuse scattering on MIMO channel characteristics is a critical issue for the higher frequency-band MIMO channel modeling.
In previous works on diffuse scattering, scattering characteristics from a rough wall of a building were measured and the modeling method was introduced to include those contributions into ray tracing simulations [10] , [11] . Although the power delay profile (PDP), angular spread, and polarization characteristics of diffuse scattering were also evaluated through ray trace simulations [12] [13] [14] , the evaluation correctness relies on the accuracy of assumed environment map used in the simulations.
In previous works on the MIMO channel modeling, the contributions of diffuse scattering were directly estimated and parametrized from MIMO channel measurements by the RiMAX algorithm [15] [16] [17] . In the RiMAX algorithm, coherent waves such as direct waves and regular reflection waves are modeled deterministically as specular multipath component (SMC), and the composition of vast amounts of incoherent plane waves due to diffuse scattering is modeled stochastically as dense multipath component (DMC). The DMC is characterized by autocorrelations of the signal component, and only the frequency domain correlation has been discussed in the RiMAX algorithm [15] [16] [17] . In [18] , the DMC frequency domain parameters were estimated from measurement data of a line-of-sight (LoS) industrial environment in the 3-GHz band. The result showed that the power ratio of the DMC to the total received power ranged from 23% to 38%, and the PDP of the DMC almost followed the exponential decay distribution that is described in the RiMAX algorithm. The polarization domain characteristics of the DMC were also investigated in an industrial hall in the 1.3-GHz band [19] , in a large hall in the 1.3-GHz band [20] , and in urban environments in the 4.5-GHz band [21] . The results showed that the DMC had polarization dependencies. The angular-domain characteristics of the DMC were investigated in indoor environments in the 5.3-GHz band [22] . The results showed that the angular power profile of the DMC correlated to it of the SMC, as also described in [23] . To deal with angular and polarization characteristics of the DMC quantitatively, the extensions of the RiMAX algorithm have been proposed. In [24] and [25] , the von Mises distribution [26] was used for representing the angular profile of the DMC. The angular-domain autocorrelation of the DMC is calculated by convolution of the DMC angular profile and the array response. In [27] , the extension of the DMC polarization domain parameters and the parameter estimation method was proposed.
In the past literature, the discussion on DMC characteristics is limited to lower frequency bands below 6 GHz. Furthermore, the investigation only focused on frequency domain DMC parameters, without a quantitative analysis on angulardomain parameters in actual environments. The contribution of our work is the clarification of DMC characteristics in X-band through 11-GHz band MIMO channel measurements [28] . We have extended the conventional RiMAX algorithm for the joint estimation of the DMC propagation parameters in the frequency, angular, and polarization domains to evaluate the characteristics of the DMC in a quantitative way [29] , [30] . This paper expands our previous work in [29] and [30] by providing a more comprehensive investigation on the DMC characteristics in three different indoor environments, particularly in the following aspects. We evaluated the propagation parameter distributions of the DMC in each indoor environment, and discussed the influences of the environments on the DMC characteristics. We also clarified to what extent the DMC contributes to the eigenvalue structure of the MIMO channel by comparing the measurement data and the data reconstructed from the estimated propagation parameters. Finally, we investigated the originating source of the DMC by utilizing the 3-D virtual array method.
The rest of this paper is structured as follows. The received signal model and the DMC propagation parameter estimation method are described in Section II. Then the MIMO channel measurement setup in the 11-GHz band in indoor environments is presented in Section III. The measurement results and the DMC propagation parameters characteristics are presented in Section IV. Finally, the conclusion and avenues for future work are described in Section V.
II. RIMAX-BASED DMC PROPAGATION PARAMETER ESTIMATION

A. Signal Model and Parameter Estimation Method
In Fig. 1 , the assumed signal model of the MIMO propagation channel [27] , [30] is shown. The signal consists of the sum of SMC and DMC. The SMC is modeled by 
Here, α F (τ s,i ) is the frequency transfer function of the impulse function δ(τ −τ s,i ), and α R and α T are the Rx and the Tx array antenna responses, respectively. ⊗ represents the Kronecker product. The DMC is modeled by the signal component, which is stochastically determined by the delay-domain DMC propagation parameter θ d,F and the angular-polarization domain DMC propagation parameter θ d,A as follows:
In [15] and [16] , the PDP of the DMC is modeled as the following exponential decay distribution by using the delaydomain DMC parameters:
(5)
In [23] [24] [25] , the angular power spectrum of the DMC is modeled by the von Mises distribution [26] . In the literature, the Rx-side angular power spectrum is defined as follows:
Here, I 0 (·) is the modified Bessel function of the first kind and the order is zero, μ R is the center AAoA of the DMC, and κ R is a parameter which represents the angular spread of the von Mises distribution. The angular spread decreases and the distribution approaches to the normal distribution as κ R increases. The angular spread σ R is approximated by (5) and (6) . Finally, the DMC correlation matrix R(θ d,F , θ d,A ) is calculated as follows:
The estimation procedure is explained as follows. First, the SMC parameter θ s,i is estimated from the measured data x by the SAGE algorithm [31] . Next, the delay, angular, and polarization domain propagation parameters of the DMC are next estimated by the RiMAX-based algorithm. The detailed procedure is explained in [30] .
B. Stochastic MIMO Channel Generation Method
In this section, the MIMO channel generation method based on the estimated propagation parameters is explained. Because the contribution of the radio propagation channel and the array antenna characteristics to the MIMO channel are separately modeled in the geometry-based channel model explained in II-A, the MIMO channel reconstruction from the estimated propagation parameters is necessary to validate how accurately the MIMO channel characteristics are modeled. Generally, it is possible to synthesize MIMO channels even if we assume array antennas other than the one used in the measurement. The MIMO channel is synthesized from the propagation parameters θ s,i , θ d,F , and θ d,A and the array antenna responses α R and α T which are assumed for the channel generation.
In [15] and [16] , the generated MIMO channel x ∈ C N F N R N T ×1 consists of the SMC of the i th path s (θ s,i ) and
Here, s (θ s,i ) is deterministically generated from the SMC propagation parameters according to (2) . Because the DMC is modeled stochastically,
Here, L is the matrix that satisfies We conducted MIMO channel measurements in the 11-GHz band in several indoor environments to clarify the frequency, angular, and polarization characteristics of the DMC in X-band. The specifications of the 11-GHz-band MIMO channel sounder that we have developed [32] are shown in Table I . Photographs of Tx, Rx, and the antenna array are also shown in Fig. 2 . The Tx/Rx antenna arrays were 12-element circular arrays with dual-polarized (DP) patch antennas. Therefore, 24 × 24 MIMO channel matrices with 400-MHz bandwidth were obtained in the measurement. The Tx/Rx antenna heights were set to 1.7 m.
The measurements were conducted in three indoor environments: a room, a hall, and a museum. The floor layouts and photographs of each environment are shown in Figs. 3 and 4 . In the room and in the hall, there was no furniture except for a few chairs and tables. In the museum, there were several tables, chairs, and interior structures such as pillars. The sizes of those areas were about 18 m ×10 m ×3 m, 30 m × 10 m ×3 m, and 30 m ×20 m ×6.5 m, respectively. We conducted two kinds of measurements. The first kind of measurement is a moving measurement, where the Rx was set at fixed points in the areas, and then the Tx was moved along the measurement courses at a constant speed of approximately 0.25 m/s. The channels were measured at every 1.4 s during the measurements. The Rx points and measurement courses are shown in Fig. 3 . The numbers of the Rx points were two in the room and in the museum, and three in the hall. The number of the courses were two in all areas. The Tx/Rx array directions are also shown, and the AAoA and the AAoD were defined from the front directions of the instruments in a counter-clockwise direction. The statistical distributions of the propagation parameters in each environment were estimated from the measurements. The second kind of measurement is a 3-D measurement by using the virtual array method. In this measurement, the Rx was fixed at Point 1 and the Tx was fixed at Point (a) in the hall. To investigate the elevation domain propagation characteristics, we conducted the measurements by changing the Rx antenna height from 1.7, 1.714, and 1.728 to 1.742 m. The step length of the height approximately corresponded to the half wavelength, which is 13.6 mm in the 11-GHz band. We evaluated the SMC and residual signal component (RSC) characteristics by assuming four measurement data as a 96 × 24 MIMO channel matrix.
In the data analysis, the SMC parameters were first estimated by the SAGE algorithm [31] . Then the frequency, angular, and polarization domains DMC propagation parameters were estimated by the RiMAX-based estimator that was explained in Section II. In the data analysis, the maximum specular path numbers were changed from 10, 20, 40, 80, and 120. The path discarding threshold ξ was 20 dB. Paths whose powers were lower than the highest path power by ξ were discarded. The RSC, which is the RSC after subtracting the SMC from the measured data, was calculated from the estimation results. The signal ratio of the RSC to the whole measured data and the delay-angular characteristics of the RSC were discussed. Next, the delay, angular, and polarization domain DMC propagation parameters were estimated. Although the DMC characteristics are defined by the correlation matrix R as shown in (7), there is an ambiguity in terms of the normalization of
In this paper, we normalized the DMC power gain
The DMC propagation parameter distributions in each environment are then shown. Finally, 4 × 4 MIMO channel matrices were generated from the estimated propagation parameters, and the eigenvalue structures of the generated channels were compared with the measured data.
IV. 11-GHz-BAND CHANNEL MEASUREMENT RESULT
A. Residual Signal Component Characteristics
Fig . 5 shows the residual power ratios of all cases of maximum path numbers. The residual power ratio p RSC is defined by measured data x and RSC r as follows:
Fig . 5 shows the mean of the residual power ratios of all moving measurement snapshots in each area. Although the residual power ratios monotonically decreased as the maximum path number is increased, the slopes of the graphs Comparison of residual power ratio for various maximum path numbers in several environments. became gradually smaller. The residual power ratios remained more than 30% in all cases. The RSC is thought to consist of DMC mainly, and the result showed the difficulty in modeling the DMC accurately by the superposition of a finite number of plane waves. The residual power ratio was highest in the room, followed by the hall, and then the museum. The reason is thought to be that the scattering of waves by the walls, floor, and ceiling was more significant in the small rooms. In this paper, we set the maximum path number to 80 for the following detailed evaluations. The residual power ratios were 0.47, 0.35, and 0.31, respectively.
Next, we present the 3-D measurement result. In Fig. 6 , a panorama photograph from the Rx-side view at Point 1 in the hall is shown. The delay-AAoA domain SMC estimation result of the 3-D measurement when the Tx was at Point (a) in Fig. 3 is also shown. In the SMC result, the paths formed some clusters. The first cluster was present approximately at 70 ns of the propagation delay and −80°of the AAoA. They are thought to be direct propagation paths from the Tx. There was also a cluster approximately at 120 ns of the propagation delay and 80°of the AAoA. It is thought to consist of the reflection paths from the left-side wall in the map. Other clusters that were reflected from the walls were also observed.
In Fig. 7 , the PDP of the 3-D measurement data, the SMC reconstructed from the SMC propagation parameters, and the RSC at Point (a) are shown. The result shows that although the part of the signal component whose propagation delay was approximately less than 200 ns was mainly estimated as the SMC, the other part remained as the RSC. The RSC remained significantly also in the early reflection region. The RSC PDP followed the exponential decay distribution, which is described in [15] and [16] . The RSC peak level was approximately 10 dB lower than the SMC peak. Fig. 8 shows the RSC power spectrum of both the delay-AAoA and delay-EAoA domains. As described in [22] and [23] , the RSC was distributed around the SMC that was shown in Fig. 6 . Especially, the angular spread was wide in both azimuth and elevation domains in the early reflection region where the propagation delay was less than 200 ns. It indicates that the RSC consisted of the single bounce irregular scattering from the floor, ceiling, and walls in the region. In the multiple reflection region where the propagation delay was more than 200 ns, the RSC was mainly observed approximately at 80°and −80°of the AAoA and 90°of the EAoA. It shows that the RSC consisted of multiple reflection waves between the left-side wall and the right-side wall of the map. Because the RSC level was much higher in the early reflection region than the multiple reflection region, the DMC modeling in the early reflection region is thought to be important. The appropriate DMC modeling is also expected to improve the SMC estimation accuracy in the multiple reflection region because it is not detected correctly by the ML-based estimator due to the lower power compared with the peak power of the DMC.
B. DMC Parameter Distributions
In Fig. 9 , the transitions of τ D , μ R , and μ T when the Rx was fixed at point 1 and the Tx was moved along Course 1 in the hall are shown. τ D , μ R , and μ T represent the peak positions of the DMC in the delay and angular domains. In Fig. 9 , the LoS directions and the LoS propagation delays which are theoretically calculated are also shown. The result shows that the transitions of τ D , μ R , and μ T were close to the values of LoS propagation. This result also shows that the scattering from the floor and the ceiling between the Tx and the Rx was one of the significant sources of diffuse scattering.
In Fig. 10 , the cumulative distribution functions (CDFs) of α 1 in all measurement areas are shown. α 1 represents the peak power of the DMC. To mitigate the influence of pathloss variations due to the distance differences between the Tx and the Rx, α 1 was normalized by the highest path gain of the paths, which almost corresponded to the LoS propagation path gain. The medians of α 1 ranged from −12 to −9 dB, and it was significantly higher than the value of −20 dB in an outdoor environment in the same frequency band [33] . The result showed that the contributions of the DMC to the MIMO channel characteristics are not negligible in X-band.
In Fig. 11 , the CDFs of κ of both the Rx and the Tx side in all measurement areas are shown. κ represents the angular spread of the DMC. The medians of κ ranged from 0.4 to 0.8 in all the areas, and they corresponded to the range from 80°to 90°of the angular spreads. Although the DMC angular distribution was not uniform as described in [15] and [16] , the total spreads were quite large in indoor environments. Regarding α 1 and κ, the CDFs matched the normal distributions well. For practical purposes, we also showed the fitted lines of normal distributions in Figs. 10 and 11. n(μ, σ ) represents the normal distribution whose mean is μ and the standard deviation is σ .
In Table II , we summarized the estimated DMC propagation parameters. The means and the standard deviations of each parameter are presented. The cross-polarization ratio (XPR) γ xpr , and the copolarization ratio (CPR) γ cpr of the DMC were calculated from the DMC power gain γ d as follows:
We also showed the XPR and CPR of the SMC for the comparison. The XPR and CPR of the SMC were calculated by summing the path gains of each polarization set-
for all the paths. The mean DMC XPRs ranged from 5.2 to 7.7 dB, which were 4 or 5 dB lower than the SMC XPRs. The DMC XPR tends to be several decibels lower than the SMC also in the lower frequency measurements [19] [20] [21] . The mean DMC CPRs were approximately 1 dB, which were almost the same as the SMC CPRs. The DMC had significant polarization dependencies. The reason why the DMC XPR was high is thought to be that the DMC mainly originated from diffuse scattering on the floor, the ceiling, and walls in the area, and the polarization planes of the scattered waves were not changed significantly, because the scattered surfaces were almost horizontal or vertical. B d ranged from 18.2 to 25.5 MHz, which were higher than the measurement results in the 3-GHz band [18] . However, because the frequency characteristics also depend on the measurement environments, such as the floor layout and the wall materials, a careful comparison will be necessary. As shown in Fig. 5 , the residual power ratios were highest in the room, followed by the hall, and then the museum. With respect to the differences of the DMC propagation parameters in each measurement area, the mean α 1 was highest in the room. In addition, the mean B d and the mean κ were smallest in the room. These results showed that the influence of irregular scattering was more significant in the small room, which increased the DMC angular spread and decreased the DMC PDP decay factor. Those tendencies followed in the order of the hall and the museum. From the comparative results, it is thought that room size is one of the key factors that determine the characteristics of the DMC.
C. Channel Reconstruction and Eigenvalue Characteristics
The characteristics of MIMO channel matrices that were reconstructed from the propagation parameters are investigated for the validation of the estimation results. We assumed the same antenna responses as the measurement to clarify the influence of the DMC existence on the accuracy of the channel reconstruction. The matrices were reconstructed from the estimated SMC and DMC propagation parameters according to (8) and (9) . Fig. 12 shows the received power of all MIMO channels when the Tx was at Point (b) and the Rx was at Point 1 in the hall. The received powers were calculated by summing the received powers of all delay bins. Fig. 12 shows the received power of the measured data, the data reconstructed only from the SMC, and the data reconstructed from both the SMC and the DMC. With respect to the radiated region of the copolarized condition, the received powers were reconstructed fairly well by both methods. However, the received powers were significantly underestimated in the shadowing region in the case that the data were reconstructed only from the SMC. This is because the contribution of the DMC in the region was relatively higher than in the radiated region. The result shows that the received powers are not correctly reconstructed in the shadowing region without considering the DMC contribution.
Next, eigenvalue characteristics of the reconstructed MIMO channel matrices are investigated. The channel generation method is shown in Fig. 13 . We selected 4 × 4 MIMO channel matrices from the whole channel data at each snapshot with a central focus on the LoS direction. In the spatially separated MIMO (SS-MIMO) condition, only the vertical polarized propagation channels were selected. In the DP-MIMO condition, two vertically polarized propagation channels and two horizontally polarized propagation channels were selected.
Figs. 14 and 15 show four eigenvalue CDFs of each MIMO condition. Figs. 14 and 15 show the mean eigenvalues of all subcarriers, and the eigenvalues are normalized by the medians of the first eigenvalues of the measured MIMO channels. In the SS-MIMO condition, the first eigenvalues were prominent owing to the strong LoS signal component, and they had good agreement with the measurement in both reconstruction methods. However, the second and the following eigenvalues were significantly underestimated in the case that the channel was reconstructed only from the SMC. The median eigenvalue reconstruction errors were −0.7, −3.2, −4.6, and −7.8 dB, respectively. The errors were less than 1.4 dB when the DMC contribution was considered, and this shows the validity of our DMC analysis results. In the DP-MIMO condition, although the first two prominent eigenvalues were fairly reconstructed in both reconstruction methods, the consideration of the DMC was also indispensable to improve the reconstruction accuracies of the following eigenvalues. The result showed that the DMC consideration is necessary to prevent the underestimation of the MIMO transmission performance.
V. CONCLUSION In this paper, 11-GHz-band MIMO channel measurement results in LoS indoor environments were presented to clarify the propagation characteristics of the DMC in X-band. We jointly estimated the frequency, angular, and polarization domain DMC propagation parameters by the extended RiMAX-based estimator to deal with the DMC contribution to the MIMO channel quantitatively. In the measurements, the residual power ratios when we assume only the SMC were almost more than 30% in all areas. Through the 3-D measurement by using the virtual array method, we showed that the originating source of the RSC in the early reflection region is the irregular scattering from the floor, ceiling, and walls in the environment. The RSC was significant in the early reflection region, and its peak level was approximately 10 dB lower than the SMC peak. Although the frequency domain distributions of the DMC almost followed the RiMAX DMC model, the DMC had angular and polarization dependencies, which are not present in the RiMAX DMC model. The median DMC angular spreads were from 80°to 90°, and the DMC XPR was from 5.2 to 7.7 dB. The results also show that the angular spreads tended to increase and the decay factor tended to decrease as the room size decreased owing to more significant scattering effects from the environment.
For the validation of the modeling, the MIMO channel matrices were reconstructed from the estimated propagation parameters and compared with the measurement data. The comparative result showed that the receiving power was underestimated in the shadowing region if the DMC was not taken into account. The second and the following eigenvalues of the 4 × 4 MIMO channel matrices were also underestimated even in the radiated region. However, we found that the eigenvalue structure was reconstructed fairly well by considering the DMC contribution mainly focused on the RSC characteristics in the early reflection region, and the median reconstruction errors of eigenvalues were less than 2 dB.
Creating a novel higher frequency band MIMO channel model that includes the DMC contribution will be a future work.
